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Abstract 

Using different types of proximity potentials, we have examined the trend of variations 
of barrier characteristics (barrier height and its position) as well as fusion cross sections 
for 50 isotopic systems including various collisions of C, O, Mg, Si, S, Ca, Ar, Ti and 
Ni nuclei with 1 < N/Z < 1.6 condition for compound systems. The results of our 
studies reveal that the relationships between increase of barrier positions and decrease 
of barrier heights are both linear with increase of N/Z ratio. Moreover, fusion cross 
sections also enhance linearly with increase of this ratio. 
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1. INTRODUCTION 



In recent years, using the neutron-rich projectiles and the formation of the neutron-rich 
heavy nuclei, the interesting properties of these fusion reactions have been discovered. In 
general, the compound nucleus resulting from the fusion of the neutron-rich nuclei is placed 
far from the /^-stability line. Furthermore, increasing the neutrons in the interaction nuclei 
leads to reduction fusion barrier height. Therefore, fusion cross section increases for neutron- 
rich projectile nuclei, with respect to nuclei that lying near the stability line [1, 2]. 

For the first time, R. K. Puri et al. performed a systematic study on the isotopic de- 
pendence of fusion cross section [3]. They calculated nuclear potential using the Skyrme 
energy density model (SEDM), which it is quite successful in explaining the fusion of two 
interaction nuclei at low energies [4-14], for different colliding systems involving Al Ca+ j42 Ca, 
Al Ca+ A2 Ni and Al Ni+ A2 Ni with 1 < N/Z < 2. In this condition, N and Z is neutron and 
proton numbers of compound nucleus in each reaction. According to Ref. [3], with increas- 
ing neutron in each group of these colliding systems, the barrier heights Vb decrease and 
the fusion cross sections <jf us increase. Moreover, the variations of Rb, Vb and <jf us with 
increasing ratio (N/Z) are linear (see Eqs. (11), (12) and (15) of Ref. [3]). 

Recently, R. K. Puri and N. K. Dhiman have also carried out two systematic studies on 
the isotopic dependence of fusion probabilities using SEDM and several different theoretical 
models such as parameterized potentials due to Christensen and Winther, Ngo and Ngo and 
etc. Their investigations is consist of two ranges of different isotopes collision of Ca and 
Ni nuclei with 0.6 < N/Z < 1 [15] and Ca, Ni, Ti and Ni nuclei with 0.5 < N/Z < 1 
[16]. Their results show that the variations of heights and positions of barrier are non-linear 
(second order), whereas the fusion cross sections vary as linear with increasing ratio of N/Z 
for colliding different systems (for example, see Eqs. (11) and (12) of Ref. [15]). The study 
of neutron rich nuclei is also reported at heavy-ion collisions with intermediate energies. 
The effects of isospin degree of freedom in collective and elliptic flow have been studied, for 
example, in Refs. [17-20]. 

In this paper, we have performed a systematic study on the relationships between varia- 
tions of heights and positions of barrier and fusion cross sections with increasing N/Z ratio 
by using the different proximity-type potentials, which shall be introduced in the following 
section. We have selected thirteen groups of isotopic systems, namely Al C+ A2 Si, Al O+ A2 Mg, 
Al O+ A2 Si, Al Si+ A2 Si, Al Mg+ A2 S, j4l Si+ j42 Ni, Al Ca+ A2 Ca, Al S+ A2 Ni, Al Ar+ A2 Ni, j4l Ca+ j42 Ni, 
Al Ni+ A2 Ni, Al Ti+ A2 Ni and Al Ca+ A2 Ti with 1 < N/Z < 1.6. In all these systems, the em- 
pirical data have been reported (see Table 1). In this work, we follow the procedure proposed 
in Ref. [3]. 



2. THE PROXIMITY FORMALISM 

The interaction potential between target 
tant factors in the description of the fusion 



and projectile nuclei is one of the most impor- 
reaction. In general, this potential consists of 
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two parts, short-range nuclear attraction Vjv(r) and large-range coulomb repulsion Vc(r). 
Proximity model is one of the practical types in calculation of nuclear potential. When two 
surfaces are approaching each other, approximately in distance of 2-3 fm, an additional force 
due to the proximity of the surface will appear which is called as proximity potential. All 
versions of this model are based on the proximity force theorem [21]. According to this the- 
ory, nuclear part of total interaction potential is product of a factor depending on the mean 
curvature of the interaction surface and a universal function depending on the separation 
distance. Furthermore, nuclear potentials in the proximity formalism are independent of the 
masses of interaction nuclei. Using the proximity potentials dependence on the liquid drop 
model, one expects that the nuclear matter incompressibility is one of the intrinsic properties 
in this formalism. 

12 different versions of the proximity model have been introduced by R. K. Puri et al. 
in Ref. [22]. Their investigations show that all proximity potentials are able to reproduce 
experimental data within 10%, on the average. Among various potentials in Ref. [22], the 
Aage Winther (AW 95) [23], Bass 1980 (Bass 80) [24] and Denisov Potential [25] (Denisov 
DP, which in this paper we have used as Prox. DP) have the best agreement with the ex- 
perimental data. Therefore, in first step, we have selected these versions for calculating the 
nuclear potential. In addition to above potentials, we have used the Proximity 2010 (Prox. 
2010) potential [26] for study of the isotopic dependence in all thirteen mentioned systems. 
In the following subsections, we have briefly introduced these versions of proximity potential. 



A. Aage Winther (AW 95) 



Aage Winther, in 1995, introduced a form of nuclear potential by taking Woods-Saxon 
parametrization as [23], 



V N (r) 



V 



1 + exp(- 



r-Ri-R 2 \ ' 



with 



t r , R R\Rl 
here surface energy coefficient 7 has the following form 



7 = 0.95 



1 - 1.8 



A 7 



(1) 



(2) 



(3) 



Winther adjusted the diffuseness a and radius Ri parameters through a wide comparison 
with experimental data for heavy-ion elastic scattering. This refined adjustment leads to a 
new form of a and Ri parameters, which have been defined by Eqs. (8) and (9) of Ref. 
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B. Bass 1980 (Bass 80) 



Bass in 1977 [27] and 1980 [28] introduced a nucleus-nucleus potential which is labeled 
as Bass 80. This potential has been derived from the liquid drop model and geometric 
interpretation of the fusion data in the above regions of the barrier for systems with ZpZ T = 
64 — 850. In this model the nuclear part of the interaction potential can be written as [24], 



V N (r) 



R1R2 



-*(*), 



Rl + i?2 

where s = r — R\ — R 2 . Here the universal function $(s) has the following form, 



(4) 



with central radius, Ri, as 



0.033exp(^) + .007exp(^; 



/ 98\ 
Rt = Rs { 1 '~W) ( ' = 1 ' 2) 



(5) 



(6) 



where the sharp radii R s has been defined by using the Eq. (4) of Ref. [22]. 



C. Denisov DP (Prox. DP) 

Denisov, using the semi-microscopic approximation and examination of 119 spherical or 
near spherical even-even nuclei around the ^-stability line, has defined an expression for 
nuclear part of total interaction potential as the following form [25], 

V N (r) = -1.989843i?$(s) x 

where s = r — Ri — R2 — 2.65 and R = RiR 2 /(Ri + R 2 ). The explicit form of the universal 
function <3>(s) and effective nuclear radius Ri have been defined by Eqs. (11), (12) and (13) 
of Ref. [25]. 



1 + 0.003525139(-i + -^) 3/2 - 0.4113263(7! + I 2 ) . (7) 



D. Proximity 2010 (Prox. 2010) 

The effect of surface energy coefficient 7 in the proximity potential, has been discussed 
in Ref. [26]. In this study, four different versions of surface energy coefficient 7 have been 
introduced based on the Prox. 77 potential [21]. The obtained results show that the barrier 
heights and positions as well as fusion cross sections due to Prox. 77 potential with new 
surface energy coefficient, namely 7-MN1976, have the best agreement with experimental 
data (see Figs. (3) and (4) of Ref. [26]). This modified proximity potential is labeled as 
proximity 2010. In this model, the nuclear potential Vn(t) has the following form, 
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V N (r) = 4irR^(r - d - C 2 ), 



(8) 



with 



7 = 7o I- K t 



s 



N-zy- 



(9) 



Among different values for constants 7 and K S) the set of 7 = 1.460734 MeV/fm 2 and 
K s = 4.0 have the best results for barrier heights and fusion cross sections in the many 
systems that have been evaluated in Ref. [26]. In Eq. (8), R is the reduced radius and 
Ci (or C2) is known as Siissmanns centarl radius. The explicit form of these parameters as 
given by Eqs. (2) and (3) of Ref. [22]. The universal function $(r — C\ — C2) has been 
defined by Eq. (6) of Ref. [22]. 

3. CALCULATIONS 

In order to calculate the nuclear potential, we have employed four versions of the prox- 
imity model, i.e. AW 95, Bass 80, Prox. DP and Prox. 2010 potentials. By adding the 
Coulomb potential to a nuclear part, we get the total potential Vr(r) as, 



where Vc(r) = ZiZ 2 e 2 /r. On the other hand, one can determine the barrier position Rb 
and height Vb by the following conditions, 



The calculated values of the Rb and Vb resulting from the AW 95, Bass 80, Prox. DP and 
Prox. 2010 potentials have been listed in Table 1-4. In these tables, the values of the Coulomb 
Vc(r) and nuclear VJv(r) potentials in r = R B have also been listed for each reaction. As 
a result from this calculations, positions and heights of barrier, respectively, increase and 
decrease with addition of neutron in different colliding systems. The experimental data 
for barrier heights and fusion cross sections are available for systems with nuclei that are 
little far from the stability line. However, using the proposed semi-empirical approach in 
Ref. [29], one can calculate the cross sections for fusion reactions, but doing this work 
requires the independent calculations which we will employe it as a useful approach in the 
further investigations. Although, all considered potentials are already applied to more than 
400 reactions and compared with data [22, 26], in Fig. 1, the ratio of experimental and 
calculated values of barrier height and position as a function of {N/Z — 1) for different 
versions of proximity potentials are plotted. These values, for example, have been calculated 



for 40 Ca+ 40 < 48 Ca, 40 Ca+ 58 < 62 Ni, 28 Si+ 28 > 30 Si, 30 Si+ 28 Si, 58 Ni+ 58 - 64 Ni, 64 Ni+ 64 Ni, 24 Mg+ 32 < 34 S 



and 26 Mg+ 32 ' 34 S systems. As can be seen from Fig. 1, our results for R B and Vb are in good 
agreement with experimental data for all proximity versions. 



V tot (r) = V c (r) + V N (r), 



(10) 





(11) 
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For systematic study of the variations of Rb and Vb, the percentage difference of the 
heights and positions of the fusion barrier with respect to their corresponding values for the 
N=Z cases defined as, 

AR B {%) = x 100 > (12) 

AV B (%) = x 100, (13) 

where R% and Vg are the positions and heights of the barrier for the N = Z cases (As earlier 
stated, N = N\ + N2 and Z = Z\ + Z2, iVj and Zj are the neutron and proton numbers 
of two interaction nuclei, respectively). In all systems, where the values of R% and Vg are 
not available, a straight-line interpolation is used between the known points to compute 
the ARb(%) and AVb(%). The obtained results for percentage difference of Rb and Vb 
for all selected versions of proximity potential, are plotted in Fig. 2. The results of other 
investigations have also been displayed in this figure, which show good agreement with our 
obtained results. As one can see in Fig. 2, the increase of barrier positions and decrease of 
barrier heights are both linear. We have parameterized these processes by following relations, 

AR B (%)=a(^ -l), (14) 

AVi,(%)= (15) 

whose the values of the constants a and (3 for AW 95, Bass 80, Prox. DP, and Prox. 
2010 potentials have been listed in Table 5. We expect that with increase of neutron in 
the interaction nuclei of thirteen groups of colliding systems, the nuclear attractive force 
increases and therefore the heights of barrier decrease (see Fig. 2). To display the increase 
of nuclear potential with addition of neutron, like Eqs. (14) and (15), we have parameterized 
the trend of Vn variations. The obtained results have been shown in Fig. 3. As one can see 
from this figure, the nuclear potential, like height and position of barrier, increase linearly. 
This process has been parameterized by following relations, 

AVV(%)= 7 (f -l), (16) 

whose the values of the constants 7 for our selected potentials have also been listed in Table 
5. 

One can also examine this phenomenon by a different approach. According to the Pauli 
exclusion principle, which prevent the overlapping of the wave functions of two systems 
of fermions, we expect the interaction potential between two colliding nuclei will contain 
an additional repulsive interaction. In nuclear fusion process, when two interaction nuclei 
complete overlap the nuclear matter density is twice that of the saturation case, p ~ 2p . This 
conduct of density distributions have been displayed, for example, for 40 Ca + 40 Ca fusion 
reaction in Fig. 4. In this figure, the solid curves are based on the density distributions 
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of the target and projectile nuclei, whereas the short-dashed curves are based on the total 
density distribution. It is clear from Fig. 4(c) that the total density at complete overlap of 
interaction nuclei almost becomes twice its initial value. 

According to the nuclear equation of state, where energy per nucleon is proportional 
to density, increasing density in the overlapping region of two interacting nuclei leads to an 
increase in the energy of the compound system. This increase of the energy can be attributed 
to the short-range repulsive interaction in the nuclear part of total interaction potential. By 
modeling the repulsive core effects [30], shallow packet appears in the inner part of the 
barrier (see, for example, Fig. 2 of Ref. [30]). The effect of nuclear matter incompressibility 
on the inner regions of the fusion barrier and the depth of pocket is essential. As a result, a 
soft nuclear matter provides a deep pocket , whereas a hard one provides a shallow pocket. 
With the addition of neutrons in each of the thirteen interaction systems, we expect that the 
nuclear matter increases in the overlap region of the density distributions. This phenomenon 
leads to an increase of energy and consequently increase of repulsive force resulting from 
nuclear matter incompressibility effects. This additional repulsive force increases the barrier 
height and reduces the potential depth. 

In Fig. 5, for example, we have shown the total interaction potential by using the two 
versions of proximity potential, AW 95 and Prox. DP, for Al Ni+ j42 Ni system. As can be 
seen in Fig. 5, with increasing neutron in fusion reactions, the pocket energy V poc k e t is 
reduced. Therefore, it is predictable that the increase of attractive force could be dominate 
the increase of the repulsive force. 

One-dimensional barrier penetration is one of the applied models for calculation of the 
fusion cross section. In this formalism, the fusion cross section is given by, 

*fus = ^r- E (2* + m(E c .m.) (17) 

where Ti{E crn ) is the quantum- mechanical transmission probability through the potential 
barrier for the l-th partial wave and ji is reduced mass of the target and projectile system. 
With assumption that the width and position of the barrier are independent of angular 
momentum / and with E c , m _ 3> Vb, the Eq. (17) is reduced to sharp cutoff formula, 

a fus (mb) = 107ri?|(l--^Y (18) 

In Fig. 6, we have displayed the fusion cross sections, Eq. (18), for 40 Ca+ 58 ' 60 ' 62 Ni 
systems using all four proximity potentials. In this figure, the dashed, short-dashed and 
dash-dotted curves based on the calculated fusion cross sections for 40 Ca+ 58 Ni, 40 Ca+ 60 Ni 
and 40 Ca+ 62 Ni, respectively. One observes that the obtained results have a good agreement 
with experimental data [31], in above barrier. Moreover, with addition of neutron in these 
fusion reactions, the fusion probabilities are increased. 

The percentage difference for fusion cross section is given by the following relation, 

Aa fus (%) = "JV^ X 100 ' ( 19 ) 
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where E Q cm = E cm JV%. According to the condition E cm ^> Vb, we have calculated this 
percentage difference for two center-of-mass energies E crn = 1.125V^ and E cm = 1.375V^, 
for example. The obtained results for AW 95, Bass 80, Prox. DP, and Prox. 2010 potentials 
have been shown in Fig. 7. As see from this figure, the relationship between changes of the 
fusion cross sections with increasing neutron (or ratio N/Z) in four versions of potential are 
linear. This relation is given by, 



where the values of constant c for different potentials and energies have been listed in Table 
5. In order to reduce the barrier height with increasing neutron, see Table 1-4, one expects 
an increase of fusion cross section in each of the interaction systems. This phenomenon is 
well visible in Fig. 7. 



Our purpose in this paper is a systematic study on the neutron excess effect in 50 isotopic 



reactions Al C+ Aa Si, Al O+ A2 Mg, Al O+ A2 Si, Al Si+ Aa Si, Al Mg+ A2 S, Al Si+ A2 Ni, Al Ca+ A2 Ca, 
Al S+ A2 Ni, Al Ar+ A2 Ni, Al Ca+ Aa Ni, Al Ni+ Aa Ni, M Ti+ M m and Al Ca+^ 2 Ti with 1 < N/Z < 



1.6. The nuclear part of total interaction potential has been calculated by using the proximity 
potentials AW 95, Bass 80, Prox. DP, and Prox. 2010, whose values of heights and positions 
of the barrier and fusion cross sections in these potentials according to Refs. [22, 26, 32], 
have the best agreement with experimental data. In this work, the obtained results are 
included the following cases: 

(i) We have found a linear relation between changes of the barrier position ARb and 
barrier height AVb with increasing of the ratio N/Z in thirteen groups of the fusion reactions 
(see Eqs. (14) and (15)). (ii) The parametrization of nuclear potential Vn{t) in r = Rb 
shows that the trend of Vn{t) versus N/Z ratio is linear for all considered potentials, (hi) 
The changes of the fusion cross sections Aaj us with increasing of the ratio N/Z in thirteen 
groups of the interaction systems are linear (see Eq. (20)). (iv) The reduction the Coulomb 
barrier height and consequently increase of the fusion cross section has been attributed to 
increase of the attractive force due to neutron excess, (v) The attractive force resulting from 
adding neutrons can be overcome on the repulsive force due to the incompressibility effects. 

As a further investigation, one can examine the addition of neutron effects using a sys- 
tematic study based on the dynamic approach. Ning Wang et al, using improved quantum 
molecular dynamics (QMD) model, have discussed the influence of dynamic corrections in 
the near coulomb barrier [33]. The values of Coulomb barrier height and the depth of the 
mean potential well of the compound nuclei have been calculated in fusion 40 Ca+ 90 , 96 Zr and 
48 Ca+ 90 Zr at energies E c _ m , = 95.0 MeV (below the barrier) and E cm , = 107.6 MeV (above 
the barrier) (see Table III of Ref. [33]). The obtained results show that dynamic effects 
decrease height and thickness of barrier. All these problems are very important for further 
understanding the mechanism of neutron or proton rich nuclei. We are going to study these 




(20) 



4. CONCLUSION 
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aspects in future works. 
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FIGURE CAPTIONS 



Fig. 1. The ratio of experimental [36-38,41,42,44,52] and calculated values of barrier height 
and position based on the AW 95, Bass 80, Prox. DP, and Prox. 2010 potentials for the fusion 
reactions of 24 Mg+ 32 < 34 S, 26 Mg+ 32 > 34 S, 28 Si+ 28 - 30 Si, 30 Si+ 28 Si, 40 Ca+ 40 < 48 Ca, 40 Ca+ 58 < 62 Ni, 

58 Ni+ 58,64 Ni and 64 Ni+ 64 Ni; for examp l e; ag & f unc tion of N/Z - 1. 

Fig. 2. The percentage increase of fusion barrier position Rb (left panels) and percent- 
age decrease of fusion barrier height Vb (right panels) with respect to their corresponding 
values for N = Z function of the ratio N/Z of the compound system for the AW 

95, Bass 80, Prox. DP, and Prox. 2010 potentials. The solid line in each graph is the result 
of the linear fitting to the calculated values of AR B (%) and AV B (%). The results of other 
model have also been displayed [16, 34]. 

Fig. 3. The percentage increase of nuclear potential Vn with respect to its correspond- 
ing values for iV = Z cases, as a function of the ratio N/Z of the compound system for the 
AW 95, Bass 80, Prox. DP, and Prox. 2010 potentials. The solid line in each graph is the 
result of the linear fitting to the calculated values of AVn(%). 

Fig. 4. The process of density distributions overlap of interaction nuclei for 40 Ca+ 40 Ca 
reaction in (a) p ~ p , (b) p < p < 2p and (c) p fa 2p , which p and p are density in the 
overlapping region and saturation density, respectively. Total density distribution is shown 
with dotted curve. 

Fig. 5. Ion-Ion potentials for Al Ni+ A2 Ni system based on the (a) AW 95 and (b) Prox. 
DP potentials . The pocket energy V poc k e t is also indicated in one reaction. 

Fig. 6. The fusion cross sections as a function of center of mass energy for 40 Ca+ 58 Ni, 
40 Ca+ 60 Ni and 40 Ca+ 62 Ni based on the (a) AW 95, (b) Bass 80, (c) Prox. DP, and (d) Prox. 
2010 potentials. The experimental data is taken from the Ref. [31]. 

Fig. 7. The percentage increase of fusion cross section af us for E crn _—1.125V B (left panels) 
and E cm —1.375V^ (right panels) with respect to their corresponding values for N = Z 
cases, as a function of the ratio N/Z of the compound system for the (a) AW 95 (b) Bass 
80 (c) Prox. DP and (d) Prox. 2010 potentials. The solid line in each graph is the result of 
the linear fitting to the calculated values of A<7f us (%). 
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TABLE CAPTIONS 

Table 1. The calculated barrier positions Rb and heights Vb for different fusion reactions 
using AW 95 potential, compared with the empirical data. The nuclear and Coulomb po- 
tentials in r = Rb have also been reported. The systems are listed with respect to their 
increasing Z\Z 2 values. 



Reaction 


N/Z 


Z\Z 2 


Rb 


V c 


v N 


V B 






Ref. 


1 9 /~i . Ofin • 

12 C-K 8 Si 


1 


84 


8.47 


14.28 


-1.05 


13.23 


7.42±0.2 


12.59±0.3 


[37] 


12 C-k 9 Si 


1.05 


84 


8.53 


14.18 


-1.03 


13.15 


8.19 


13.46 


[36] 


i2 C+ 3U Si 


1.1 


84 


8.58 


14.10 


-1.03 


13.07 


8.39 


13.20 


[36] 


16 0+ 24 Mg 


1 


96 


8.52 


16.22 


-1.20 


15.02 


8.40±0.4 


15.90±0.9 


[38] 
















8.48 


16.00 


[39] 


iD 0+ Mg 


1.1 


96 


8.65 


15.98 


-1.17 


14.81 


8.70±0.4 


16.50±0.9 


[38] 


ls O+ Mg 


1.1 


96 


8.70 


15.89 


-1.15 


14.74 


7.80±0.3 


14.90±0.9 


[40] 


iD 0+ /8 Si 


1 


112 


8.66 


18.62 


-1.36 


17.26 


7.98 


17.23 


[39] 


16 0+ 29 Si 


1.045 


112 


8.72 


18.49 


-1.34 


17.15 


9.12 


16.30 


[36] 


16 O+ 30 Si 


1.090 


112 


8.77 


18.39 


-1.33 


17.05 


9.18 


16.12 


[36] 


1 «/-v , 98 ri • 


1.090 


112 


8.83 


18.26 


-1.32 


16.94 


8.76 


16.90 


[36] 


94tv j , ^On 

^Mg+^S 


1 


192 


9.08 


30.45 


-2.21 


28.24 


8.70±0.3 


28.10±1.6 


[38] 
















9.20 


27.93 


r a -1 1 

[41] 


94 n it , Ida 

/4 Mg+ S 


1.071 


192 


9.18 


30.12 


-2.18 


27.94 


9.40 


27.38 


r a -1 1 

[41] 


Mg+ o 


l.U 1 1 


1 no 


O 01 


on no 


1 ^ 
-Z. 10 


07 Q7 
Zl .01 


y.oo 


07 A Q 

Zl Ao 


\A 1 1 

[41] 


26 Mg+ 34 S 


1.143 


192 


9.31 


29.70 


-2.10 


27.60 


9.50 


27.11 


[41] 


28 Si+ 28 Si 


1 


196 


9.09 


31.05 


-2.25 


28.80 


8.94 


28.89 


[42] 
















8.25±0.2 


28.95±0.7 


[37] 


28 Si+ 30 Si 


1.071 


196 


9.20 


30.68 


-2.22 


28.46 


8.86 


29.13 


[42] 
















8.47±0.2 


28.28±0.7 


[37] 


30 Si+ 30 Si 


1.143 


196 


9.31 


30.32 


-2.17 


28.15 


9.06 


28.54 


[42] 


28 Si+ 58 Ni 


1.048 


392 


9.84 


57.37 


-4.07 


53.30 


9.00±0.9 


53.80±0.8 


[43] 


28 Si+ 62 Ni 


1.143 


392 


9.98 


56.57 


-3.94 


52.63 


9.89 


52.89 


[43] 


28 Si+ 64 Ni 


1.190 


392 


10.04 


56.23 


-3.92 


52.31 


9.20±1.0 


52.40±1.1 


[43] 


30 Si+ 58 Ni 


1.095 


392 


9.96 


56.68 


-3.95 


52.73 


8.30±1.1 


52.20±1.2 


[43] 


30 Si+ 62 Ni 


1.190 


392 


10.09 


55.95 


-3.85 


52.10 


9.70±1.0 


52.20±0.9 


[43] 


so Si+ 64 Ni 


1.238 


392 


10.15 


55.61 


-3.81 


51.80 


9.40±0.8 


51.20±0.9 


[43] 
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Table 1. (Continued) 



Reaction 


N/Z 


ZiZ 2 


Rb 


V c 


v N 


V B 


TjkJmp. 
n B 


-irEmp. 
V B 


Ref. 




i 
i 


/inn 

4UU 


Q 7/1 

y . i 4 


KQ 1 A 
Oy. 14 


-4 


22 


54 


92 


y .ouztu.o 


OU.OUztZ.o 


\A(W 

L J 




















a an-i-n k 

o.oUztU.O 


co on-i-n ^ 
O/.OUztU.O 


L J 




















n i n~i~n p. 
y. iuztu.0 


OO.OUztU.o 


\A fil 
[40J 


40(^0 _l_44p„ 


i.i 


/inn 

4UU 


o 01 
y.y i 


Oo. 10 


-4 


12 


54 


01 


o.OU±U.O 


c i 7n 4-1 o 
01. (Uztl.z 


\AA\ 
[44 J 


40p Q i_48p„ 

ua+ ua 


1 
l.Z 


/inn 

4UU 


1 n na 

lU.Uo 


^7 1 /i 

( . 14 


-3 


96 


53 


18 


7 an-i-n q 
1 .oUztU.o 


ci Qn-H n 
Ol.oUztl.U 


\AA] 
[44 J 


oa+ ua 


1 /I 
1.4 


a nn 
4UU 


1 n Qfi 
lU.Oo 


c;n 
00. ou 


-3 


75 


51 


75 


lU.Oo 


^ 7n 
01. (U 


\A K~\ 
[40J 


40 Ca+ 46 Ti 


1.048 


440 


9.91 


63.94 


-4 


57 


59 


37 


9.92±0.08 


58.03±0.73 


[47] 


40p o i 48 rn- 

La+ 1 1 


1 no c. 
l.UyO 


a /in 
44 U 


1 n nn 
1U.UU 


oo.oo 


-4 


44 


58 


92 


n n7-i~n n7 
y.y I ±U.U ( 


Oo.l ( ±U.oz 


\ A 71 

[47J 


ua+ i i 


1.140 


AAC\ 
44 U 


1 n n7 
1U.U 1 


ftO OO 


-4 


43 


58 


49 


i n nc;-un n7 
1U.U0±U.U I 


Oo. 1 IztU.Ol 


\A 71 

[47j 


32 S+ 58 Ni 


1.045 


448 


9.95 


64.84 


-4 


61 


60 


23 


8.60±0.9 


59.80±1.4 


[43] 




















8.50±0.3 


59.50 


[48] 


32c_|_64^t; 
o-r IN 1 


1 1 so 


/i /i a 

44 o 


in ie 
1U. 10 


fi'? c,n 
OO.OU 


-4 


38 


59 


12 


o.oUztU.O 


co i n-i-n 7 

Oo. lUztU. ( 


\A 1] 


34 S+ 58 Ni 


1.090 


448 


10.06 


64.13 


-4 


48 


59 


65 


7.50±0.9 


58.40±1.4 


[43] 


34 S+ 64 Ni 


1.227 


448 


10.25 


62.95 


-4 


34 


58 


61 


8.90±0.6 


57.20±0.6 


[43] 


36c_i_58at: 
o-r IN 1 


1.100 


A A 8 
44 o 


1 n 1 

1U. 10 


fiQ c.n 
Oo.OU 


-4 


39 


59 


11 


( .OUztU.O 


co nn-M 1 

Oo.UUztl. 1 


\A 1] 


36o_|_64at: 
or - IN 1 


1 07Q 
l.Z 1 


/I/I 8 
44 o 


1 n Q/i 

1U.04 


RO QQ 

oz.oy 


-4 


27 


58 


12 


a an-i-n r 

o.oUztU.O 


cfi 7n~n n 

00. ( Uztl.U 


\A 1] 
[4dJ 


40 a _ , 58at: 

Ar+ in i 


i i qo 
1.10U 


c.n/i 

0U4 


i n o/i 

1U.Z4 


7n as 
< U.oo 


-4 


96 


65 


92 




OO.oUztU.O 


\A Ol 

[4yj 


40 Ar+ 60 Ni 


1.174 


504 


10.31 


70.40 


-4 


86 


65 


54 




65.50±0.6 


[49] 


40 Ar+ 62 Ni 


1.217 


504 


10.37 


70.00 


-4 


82 


65 


18 




65.10±0.6 


[49] 


40 A v i 64m: 
iilT IN 1 


1.Z0U 


0U4 


1 n /IQ 

1U.40 


so c;o 
oy.oy 


-4 


77 


64 


82 




oo.yuztu.o 


\A Ql 

[4yj 


40r; a i 58 Ni 


1.042 


560 


10 15 


79 45 


-5 


65 


73 


80 


10 20 


73 36 


f36l 


40 Ca+ 62 Ni 


1.125 


560 


10.29 


78.38 


-5 


48 


72 


90 


10.35 


72.30 


[36] 


48 Ti+ 58 Ni 


1.12 


616 


10.4 


85.30 


-6 


00 


79 


30 


9.8±0.3 


78.8±0.3 


[50] 


48 Ti+ 60 Ni 


1.16 


616 


10.47 


84.73 


-5 


89 


78 


84 


10.0±0.3 


77.3±0.3 


[50] 


48 Ti+ 64 Ni 


1.24 


616 


10.60 


83.69 


-5 


72 


77 


97 


10.2±0.3 


76.7±0.3 


[50] 


46 Ti+ 64 Ni 


1.2 


616 


10.52 


84.33 


-5 


84 


78 


49 


9.7±0.2 


76.9±0.1 


[51] 


50 Ti+ 60 N j 


1.2 


616 


10.55 


84.09 


-5 


77 


78 


32 


9.8±0.2 


77.1±0.1 


[51] 


58 Ni+ 58 Ni 


1.071 


784 


10.55 


107.03 


-7 


62 


99 


41 


8.30 


97.90 


[52] 


58 Ni+ 64 Ni 


1.178 


784 


10.75 


105.04 


-7 


33 


97 


71 


8.20 


96.00 


[52] 


64 Ni+ 64 M 


1.286 


784 


10.94 


103.21 


-7 


04 


96 


17 


8.60 


93.50 


[52] 
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Table 2. The calculated barrier positions Rb and heights Vb for different fusion reactions 
using Bass 80 potential. The nuclear and Coulomb potentials in r = Rb have also been 
reported. The systems are listed with respect to their increasing Z±Z 2 values. 



Reaction 


N/Z 


ry ry 

Zj\Zj2 


Rb 


Vo 


V N 


T T 

V B 


l2 C+ 28 Si 


1 


84 


8.45 


14.31 


-1.17 


13.14 


12 C+ 29 Si 


1.05 


84 


8.51 


14.21 


-1.16 


13.05 


12 C+ dU Si 


1.1 


84 


8.57 


14.11 


-1.14 


12.97 


ib O+ Mg 


1 


96 


8.50 


16.26 


-1.33 


14.93 


16 0+ 26 Mg 


1.1 


96 


8.65 


15.98 


-1.26 


14.72 


i8 0+ Mg 


1.1 


96 


8.68 


15.93 


-1.27 


14.65 


16 0+ 28 Si 


1 


112 


8.63 


18.69 


-1.51 


17.18 


16 0+ 29 Si 


1.045 


112 


8.69 


18.56 


-1.49 


17.07 


lb O+ 3U Si 


1.090 


112 


8.75 


18.42 


-1.46 


16.96 


ls O+ 2S Si 


1.090 


112 


8.81 


18.31 


-1.45 


16.86 


24 Mg+ d2 S 


1 


192 


9.03 


30.61 


-2.43 


28.18 


OA TV T , Q/ln 

24 Mg+ d4 S 


1.071 


192 


9.14 


30.25 


-2.37 


27.88 


SeA/r^ 1 32Q 

Mg+ o 




1 no 


y.i i 


Qfl 1 A 

oU.14 


O Q A 

-2.64: 




26 Mg+ 34 S 


1.143 


192 


9.28 


29.79 


-2.29 


27.50 


28 Si+ 28 Si 


1 


196 


9.04 


31.22 


-2.48 


28.74 


28 Si+ 30 Si 


1.071 


196 


9.16 


30.81 


-2.41 


28.40 


30 Si+ 30 Si 


1.143 


196 


9.29 


30.38 


-2.32 


28.06 


28 Si+ 58 Ni 


1.048 


392 


9.79 


57.66 


-4.44 


53.22 


28 Si+ 62 Ni 


1.143 


392 


9.94 


56.79 


-4.27 


52.52 


28 Si+ 64 Ni 


1.190 


392 


10.01 


56.40 


-4.20 


52.19 


30g i+ 58 Ni 


1.095 


392 


9.92 


56.91 


-4.29 


52.62 


30 Si+ 62 Ni 


1.190 


392 


10.07 


56.06 


-4.12 


51.94 


30 Si+ 64 Ni 


1.238 


392 


10.14 


56.68 


-4.06 


51.61 
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Table 2. (Continued) 



Reaction 


N/Z 


ZiZ 2 


Rb 


V c 


v N 


V B 


A fl s~h A n s~h 

40 Ca+ 40 Ca 


1 


400 


9.68 


59.51 


-4.63 


54.88 


A fl s~h A A s" < 

40 Ca+ 44 Ca 


1.1 


400 


9.87 


58.36 


-4.43 


53.93 


ACi A ft 

40 Ca+ 48 Ca 


1.2 


400 


10.05 


57.32 


-4.24 


53.08 


48 Ca+ 48 Ca 


1.4 


400 


10.42 


55.28 


-3.88 


51.40 


40 Ca+ 46 Ti 


1.048 


440 


9.86 


64.26 


-4.96 


59.30 


/ID y < A 2 m • 

40 Ca+ 48 Ti 


1.095 


440 


9.95 


63.69 


-4.85 


58.84 


40 Ca+ 50 Ti 


1.143 


440 


10.04 


63.12 


-4.72 


58.40 


32 S+ 58 Ni 


1.045 


448 


9.90 


65.17 


-5.02 


60.15 


32 S+ 64 Ni 


1.182 


448 


10.12 


63.76 


-4.76 


59.00 


34 S+ 58 Ni 


1.090 


448 


10.02 


64.39 


-4.86 


59.53 


34 S+ 64 Ni 


1.227 


448 


10.24 


63.01 


-4.60 


58.41 


36g + 58 Ni 


1.136 


448 


10.13 


63.69 


-4.73 


58.96 


36g + 64 Nl 


1.273 


448 


10.35 


62.33 


-4.48 


57.85 


AD A CO Tl t . 

40 Ar+ 58 Nl 


1.130 


504 


10.21 


71.09 


-5.33 


65.76 


/in a finiv t • 

40 Ar+ 60 Ni 


1.174 


504 


10.29 


70.54 


-5.20 


65.34 


4o Ar+ 62 Ni 


1.217 


504 


10.36 


70.05 


-5.13 


64.93 


40 Ar+ 64 Ni 


1.260 


504 


10.43 


69.60 


-5.06 


64.54 


40 Ca+ 58 Ni 


1.042 


560 


10.10 


79.85 


-6.15 


73.70 


Ua+ INi 


1 IOC 

1.1/5 


560 


10.25 


TO Pf\ 

78.69 


-5.93 


72.7b 


48 Ti+ 58 Ni 


1.12 


616 


10.37 


85.55 


-6.45 


79.30 


48 Ti+ 60 Ni 


1.16 


616 


10.45 


84.90 


-6.30 


78.84 


48 Ti+ 64 Ni 


1.24 


616 


10.59 


83.77 


-6.13 


77.97 


46 Ti+ 64 Ni 


1.2 


616 


10.50 


84.49 


-6.27 


78.49 


50 Ti+ 60 N j 


1.2 


616 


10.54 


84.16 


-6.14 


78.32 


58 Ni+ 58 Ni 


1.071 


784 


10.51 


107.43 


-8.25 


99.18 


58 Ni+ 64 Ni 


1.178 


784 


10.74 


105.14 


-7.77 


97.3b 


64 Ni+ 64 Ni 


1.286 


784 


10.96 


103.02 


-7.41 


95.61 
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Table 3. The calculated barrier positions Rb and heights Vb for different fusion reactions 
using Prox. DP potential. The nuclear and Coulomb potentials in r = Rb have also been 
reported. The systems are listed with respect to their increasing ZiZ 2 values. 



Reaction 


N/Z 


ry ry 

Zj\Zj2 


Rb 


Vo 


V N 


T T 

V B 


l2 C+ 28 Si 


1 


84 


8.36 


14.46 


-1.31 


13.15 


12 C+ 29 Si 


1.05 


84 


8.43 


14.34 


-1.30 


13.04 


12 C+ dU Si 


1.1 


84 


8.50 


14.22 


-1.30 


12.92 


ib O+ Mg 


1 


96 


8.37 


16.51 


-1.50 


15.01 


16 0+ 26 Mg 


1.1 


96 


8.53 


16.20 


-1.48 


14.72 


i8 0+ Mg 


1.1 


96 


8.60 


16.07 


-1.47 


14.60 


16 0+ 28 Si 


1 


112 


8.48 


19.01 


-1.72 


17.29 


16 0+ 29 Si 


1.045 


112 


8.56 


18.83 


-1.69 


17.14 


lb O+ 3U Si 


1.090 


112 


8.63 


18.68 


-1.68 


17.00 


ls O+ 2S Si 


1.090 


112 


8.72 


18.48 


-1.66 


16.82 


24 Mg+ d2 S 


1 


192 


8.84 


31.27 


-2.76 


28.51 


OA TV T , Q/ln 

24 Mg+ d4 S 


1.071 


192 


8.98 


30.78 


-2.68 


28.10 


SeA/r^ 1 32Q 

Mg+ o 




1 no 


n no 

y.uz 


on f?r 

oU.oo 


o etc 
-Z.00 


z ( .yy 


26 Mg+ 34 S 


1.143 


192 


9.16 


30.18 


-2.58 


27.60 


28 Si+ 28 Si 


1 


196 


8.85 


31.89 


-2.80 


29.08 


28 Si+ 30 Si 


1.071 


196 


9.00 


31.35 


-2.74 


28.61 


30 Si+ 30 Si 


1.143 


196 


9.16 


30.81 


-2.64 


28.17 


28 Si+ 58 Ni 


1.048 


392 


9.62 


58.67 


-4.73 


53.94 


28 Si+ 62 Ni 


1.143 


392 


9.78 


57.71 


-4.57 


53.14 


28 Si+ 64 Ni 


1.190 


392 


9.85 


57.30 


-4.52 


52.78 


30g i+ 58 Ni 


1.095 


392 


9.78 


57.71 


-4.57 


53.14 


30 Si+ 62 Ni 


1.190 


392 


9.94 


56.78 


-4.41 


52.37 


30 Si+ 64 Ni 


1.238 


392 


10.01 


56.39 


-4.37 


52.01 
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Table 3. (Continued) 



Reaction 


N/Z 


Z\Z 2 


Rb 


V c 


v N 


V B 


4U Ca+ 40 Ca 


1 


400 


9.50 


60.62 


-4.95 


55.67 


40 Ca+ 44 Ca 


1.1 


400 


9.72 


59.25 


-4.74 


54.51 


40 Ca+ 48 Ca 


1.2 


400 


9.92 


58.05 


-4.54 


53.51 


48 Ca+ 48 Ca 


1.4 


400 


10.33 


55.75 


-4.23 


51.52 



40 Ca+ 46 Ti 


1.048 


440 


40 Ca+ 48 Ti 


1.095 


440 


40 Ca+ 50 Ti 


1.143 


440 


32 S+ 58 Ni 


1.045 


448 


32 S+ 64 Ni 


1.182 


448 


34 S+ 58 Ni 


1.090 


448 


34 S+ 64 Ni 


1.227 


448 


36g + 58 Ni 


1.136 


448 


36 S+ 64 Ni 


1.273 


448 


40 Ar+ 58 Ni 


1.130 


504 


40 Ar+ 60 Ni 


1.174 


504 


40 Ar+ 62 Ni 


1.217 


504 


40 Ar+ 64 Ni 


1.260 


504 


40 Ca+ 58 Ni 


1.042 


560 


40 Ca+ 62 Ni 


1.125 


560 


48 Ti+ 58 M 


1.12 


616 


48 Ti+ 60 M 


1.16 


616 


48 Ti+ 64 M 


1.24 


616 


46 Ti+ 64 M 


1.2 


616 


50 Ti+ 60 M 


1.2 


616 



9.70 65.31 -5.24 60.07 

9.80 64.64 -5.13 59.51 

9.90 64.00 -5.00 59.00 

9.74 66.23 -5.25 60.97 

9.97 64.69 -5.02 59.67 

9.88 65.29 -5.10 60.18 

10.11 63.80 -4.88 58.92 

10.01 64.44 -4.97 59.47 

10.24 62.99 -4.76 58.23 

10.08 71.99 -5.59 66.40 
10.17 71.35 -5.43 65.92 
10.24 70.87 -5.40 65.47 
10.32 70.31 -5.28 65.03 

9.93 81.20 -6.46 74.74 

10.09 79.91 -6.24 73.67 

10.23 86.70 -6.70 80.000 

10.31 86.03 -6.60 79.43 

10.47 84.71 -6.34 78.37 

10.37 85.53 -6.47 79.06 

10.41 85.20 -6.43 78.77 



58 Ni+ 58 Ni 


1.071 


784 


58 Ni+ 64 Ni 


1.178 


784 


64 Ni+ 64 Ni 


1.286 


784 



10.34 109.17 -8.62 100.55 
10.59 106.60 -8.08 98.52 
10.83 104.24 -7.67 96.57 
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Table 4. The calculated barrier positions Rb and heights Vb for different fusion reactions 
using Prox. 2010 potential. The nuclear and Coulomb potentials in r = Rb have also been 
reported. The systems are listed with respect to their increasing Z±Z 2 values. 



Reaction 


N/Z 


Z1Z2 


Rb 


V c 


v N 


V B 


i2 C + 28 Si 


1 


84 


8.29 


14.58 


-1.32 


13.26 


12 C+ 2y Si 


1.05 


84 


8.35 


14.48 


-1.30 


13.18 


12 C+ 3U Si 


1.1 


84 


8.41 


14.37 


-1.27 


13.10 


16 0+ 24 Mg 


1 


96 


8.34 


16.52 


-1.48 


15.08 


16 0+ 26 Mg 


1.1 


96 


8.47 


16.32 


-1.44 


14.88 


iS 0+ 24 Mg 


1.1 


96 


8.52 


16.22 


-1.42 


14.80 


16 0+ 28 Si 


1 


112 


8.46 


19.05 


-1.69 


17.36 


16 0+ 29 Si 


1.045 


112 


8.52 


18.92 


-1.67 


17.25 


1 (\ /~\ , '{(In * 


1.090 


112 


8.58 


18.79 


-1.64 


17.15 


18Q + 28 gl 


1.090 


112 


8.64 


18.65 


-1.62 


17.03 


24 Mg+ 3 S 


1 


192 


8.88 


31.13 


-2.62 


28.5 


24 Mg+ 34 S 


1.071 


192 


8.99 


30.75 


-2.55 


28.20 


26iv/r„. i 32q 
Mg+ O 




1 no 


y.Ul 


on co 
0U.00 


-Z.00 


zo. 12 


26 Mg+ 34 S 


1.143 


192 


9.11 


30.34 


-2.50 


27.84 


28 Si+ 28 Si 


1 


196 


8.89 


31.74 


-2.67 


29.07 


28 Si+ 30 Si 


1.071 


196 


9.01 


31.31 


-2.59 


28.72 


30 Si+ 30 Si 


1.143 


196 


9.12 


30.44 


-2.53 


28.41 


28 Si+ 58 Ni 


1.048 


392 


9.68 


58.30 


-4.49 


53.81 


28 Si+ 62 Ni 


1.143 


392 


9.80 


57.59 


-4.43 


53.16 


28 Si+ 64 Ni 


1.190 


392 


9.86 


57.24 


-4.36 


52.88 


30 Si+ 58 Ni 


1.095 


392 


9.79 


57.65 


-4.43 


53.22 


30 Si+ 62 Ni 


1.190 


392 


9.92 


56.89 


-4.28 


52.61 


so Si+ 64 Ni 


1.238 


392 


9.97 


56.61 


-4.26 


52.35 
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Table 4. (Continued) 



Reaction 


N/Z 


ZiZ 2 


R B 


V c 


v N 


V B 


40 Ca+ 40 Ca 


1 


400 


9.57 


60.18 


-4.70 


55.48 


40 Ca+ 44 Ca 


1.1 


400 


9.75 


59.07 


-4.52 


54.55 


40 Ca+ 48 Ca 


1.2 


400 


9.90 


58.17 


-4.39 


53.78 


48 Ca+ 48 Ca 


1.4 


400 


10.18 


56.57 


-4.17 


52.40 


40 Ca+ 46 Ti 


1.048 


440 


9.76 


64.91 


-4.96 


59.95 


A Cl s~ * A Q m • 

40 Ca+ 48 Ti 


1.095 


440 


9.84 


64.38 


-4.88 


59.50 


A Cl < ^fl m . 

40 Ca+ 50 Ti 


1.143 


440 


9.91 


63.92 


-4.83 


59.09 


32 S+ 58 Ni 


1.045 


448 


9.80 


65.82 


-5.02 


60.08 


32 S+ 64 Ni 


1.182 


448 


9.99 


64.57 


-4.82 


59.75 


34 S+ 58 Ni 


1.090 


448 


9.90 


65.16 


-4.96 


60.20 


34 S+ 64 Ni 


1.227 


448 


10.08 


63.99 


-4.78 


59.21 


36g + 58 Ni 


1.136 


448 


10.00 


64.50 


-4.85 


59.65 


36g + 64 Nl 


1.273 


448 


10.18 


63.36 


-4.64 


58.72 


40 Ar+ 58 Nl 


1.130 


504 


10.10 


71.85 


-5.34 


66.51 


AD a . fiflivT* 

40 Ar+ 60 Ni 


1.174 


504 


10.16 


71.43 


-5.29 


66.14 


40 Ar+ 62 Ni 


1.217 


504 


10.22 


71.01 


-5.22 


65.79 


40 Ar+ 64 Ni 


1.260 


504 


10.28 


70.59 


-5.13 


65.46 


40 Ca+ 58 Ni 


1.042 


560 


10.02 


80.47 


-6.02 


74.45 




1 IOC 

1.125 


560 


10.15 


79.44 


-5.88 


73.56 


48 Ti+ 58 Ni 


1.12 


616 


10.29 


86.20 


-6.25 


79.95 


48 Ti+ 60 M 


1.16 


616 


10.35 


85.69 


-6.20 


79.49 


48 Ti+ 64 M 


1.24 


616 


10.47 


84.71 


-6.04 


78.67 


46 Ti+ 64 M 


1.2 


616 


10.39 


85.37 


-6.18 


79.19 


50 Ti+ 60 M 


1.2 


616 


10.42 


85.12 


-6.14 


78.98 


58 Ni+ 58 Ni 


1.071 


784 


10.47 


107.82 


-7.74 


100.08 


58 Ni+ 64 Ni 


1.178 


784 


10.66 


105.90 


-7.48 


98.42 


64 Ni+ 64 Ni 


1.286 


784 


10.84 


104.13 


-7.21 


96.92 
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Table 5. The calculated values for fitting parameters a, (3, 7 and c, which are based on 
the Eqs. (14), (15), (16) and (20), respectively, for AW 95, Bass 80, Prox. DP and Prox. 
2010 potentials. 



Proximity-type potential 


a 


fi 


7 


c(£ c u m =1.125) 


c(£ c V=1.375) 


AW 95 


16.18 


-14.31 


31 


.45 


155.83 


73.57 


Bass 80 


18.26 


-15.33 


41 


.82 


170.21 


80.02 


Prox. DP 


20.78 


-18.11 


38. 


.56 


192.58 


94.06 


Prox. 2010 


16.57 


-13.63 


28 


.80 


146.33 


69.78 
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